Spontaneous breaking of color is investigated for the vacuum of QCD 2 with two light flavors of quarks. We classify possible colored quark-antiquark, diquark and gluon condensates that are compatible with a spectrum of integer charged states and conserved isospin and baryon number. An unusual realization of baryon number in QCD 2 suggests that there may be a phase transition between two-and threeflavor QCD as a function of the strange quark mass. This could be seen in lattice simulations. We also discuss the qualitative features of the high density phase transition in QCD 2 and suggest the spontaneous breaking of isospin for nuclear and quark matter. We finally remark that spontaneous breaking of color may also occur in pure QCD without quarks. 
Introduction
Spontaneous color symmetry breaking by a colored quark-antiquark condensate in the vacuum has been proposed [1] as a "complementary" or "dual" picture for low energy QCD with three flavors of light quarks. This idea relies on the correspondence between a confinement and a Higgs description [2] and finds an analogy in high density quark matter [3] . First dynamical investigations suggest that the color octetqq-condensate is induced dominantly by instanton effects [4] , with fermion fluctuation effects going into the same direction [5] . The phenomenological success of this description for realistic QCD with three flavors of light quarks [1] includes the hadronic and leptonic decays of the ρ, K and π-mesons, including explanations of vector dominance and the ∆I = 1/2 rule for weak kaon decays. The coincidence of deconfinement with the high temperature chiral phase transition in QCD results from the melting of the octet condensate at high temperature [6] .
A simultaneous condensation ofqq-pairs and diquarks has been proposed for the vacuum of two-flavor QCD 2 [7] . The diquark condensate introduces very interesting features which distinguish QCD 2 from the three-flavor case (QCD 3 ). Notably, baryon number is spontaneously broken by the diquark condensate and replaced by a new type of conserved baryon charge B ′ . Whereas two of the six quarks carry B ′ = 1 and can be identified with the proton and neutron, the other four have B ′ = 0. This leads to an interesting Higgs description where quarks carry fractional quark-baryon charge B q = 1/3 whereas they are integer charged with respect to B ′ . This particular feature of QCD 2 influences strongly the transition to the high density and high temperature state [7] .
Lowering the strange quark mass from high values to zero moves us from QCD 2 to QCD 3 . The different realization of baryon number in QCD 2 and QCD 3 suggests a phase transition at some critical strange quark mass m s,c . For this critical value the baryon charge of the hyperons Σ and Λ switches from B ′ = 0 (for QCD 2 ) to B = 1 (for QCD 3 ). A similar change occurs for the effective strangeness quantum number. From the observed realization of B and S one concludes that m s,c should be higher than the physical value of m s . Such a phase transition as a function of m s can be studied by lattice simulations. The details (and existence) of the phase transition depend crucially on the condensates in the vacuum of QCD 2 , in particular on the occurrence of diquark condensation. An observation of a phase transition in lattice simulations could give important hints about the vacuum condensates in QCD! In this note we present a systematic study of possible symmetry breaking patterns in QCD 2 with two flavors. We restrict our discussion to vacuum states which preserve a global isospin symmetry such that the eight gluons transform as a triplet (ρ) two doublets (K * ,K * ) and a singlet (ω). Similarly, two of the quarks should carry the quantum numbers of the proton and the neutron. Our classification ofqq, diquark and gluonic condensates carries over to the high density state of QCD 2 . Dynamical arguments point to a simultaneous condensation ofqq and diquarks in the high density state of QCD 2 [8] . This implements color-flavor locking for two flavors. Our discussion of arbitrary expectation values of isospin-conservingqq-and diquark operators partly overlaps with other discussions of high density condensates [9, 3] . For the vacuum state we extend the discussion of [7] by the inclusion of other possible condensates 2 . Since all arguments presented here are solely based on symmetry properties they apply independently of a given dynamical scenario which would explain how the color symmetry breaking condensates are generated.
Besides the possible phase transition between QCD 3 and QCD 2 as a function of the strange quark mass we are interested here in a second issue. We want to classify the characteristics of a possible high density phase transition in QCD 2 in dependence on the baryon density. For both purposes we first study possible condensates which might be relevant for the ground state or the high density state of QCD 2 . We begin in sect. 2 with quark-antiquark condensates transforming as color octets. This discussion is extended in sect. 3 to include diquark condensates whereas gluonic condensates in nontrivial color representations are added in sect. 4.
In sect. 5 we turn to the transition between QCD 2 and QCD 3 as the strange quark mass is lowered from very large values towards zero. If QCD 2 is characterized by a diquark condensate, a phase transition is plausible. The high density phase transition in QCD 2 is discussed in sect. 6. Its characteristics depend on the condensates in the vacuum, in particular on the question of a vacuum-diquark condensate. A continuous crossover to the high density phase becomes possible if isospin is conserved in the high density phase. We suggest that spontaneous breaking of isospin in the high density phase leads to a true phase transition. The spectrum of excitations in nuclear and quark matter contains in this case a massless Goldstone boson a o responsible for superfluidity as well as two light pseudo-Goldstone bosons a ± in addition to the pions. Finally, we present in sect. 7 a first only partially successful attempt to understand the ground state of pure QCD (no light quarks) in terms of color symmetry breaking gluonic condensates. Our conclusions are presented in sect. 8.
Our main findings are:
1. The condensation of both a color octet quark-antiquark pair and an antitriplet (or sextet) diquark pair in the vacuum leads to complete "spontaneous symmetry breaking" for the local color group [7] . All gluons acquire a mass. A residual global SU(2) isospin symmetry and global baryon number B ′ for the proton and neutron remain preserved.
The local abelian electromagnetic symmetry leads to integer charges Q for the quarks. In the Higgs picture the quarks are identified with baryons. Chiral symmetry is spontaneously broken and the baryons are massive. The massive gluons are integer charged and can be associated with eight vector mesons. Without the diquark condensate one of the gluons corresponding to the ω-meson would remain massless.
2. As the strange quark is added and its mass lowered, two flavor QCD transmutes into realistic QCD and finally into three-flavor QCD with three massless or very light quarks. For a very heavy strange quark the dynamics remains essentially the same as for two-flavor QCD. A new global symmetry is added, however, which acts on the new massive excitations. In the vacuum it corresponds to a new conserved strangeness quantum number S ′ . All s-quarks have S ′ = −1. The QCD vacuum with diquark condensation exhibits now three independent global symmetries (in absence of electromagnetism) which correspond to Q, B ′ , and S ′ .
3. The standard symmetries B and S are not realized by the vacuum or high density state of QCD 2 if all gluons acquire a mass from isospinconserving scalar condensates. These generators are broken by the diquark condensate. The spontaneous breaking of B (or S) induces, however, no Goldstone boson since it is accompanied by the breaking of a local symmetry which is part of the color symmetry. The "would-be Goldstone boson" is eaten by the Higgs mechanism. (It is the longitudinal component of the λ 8 -gluon or ω-meson.)
4. For a massless strange quark one expects the unbroken global SU(3)-symmetry of QCD 3 . In this case the color octet condensate gives mass to all gluons. In particular, the ω acquires a mass from the condensation of the strangeness components of the color octet quark-antiquark pair. No diquark condensate is possible in the vacuum since this would break baryon number. The preserved exact global symmetries correspond now to Q, B and S. The quantum numbers B and S for the fermions in QCD 3 differ from B ′ and S ′ for QCD 2 . One therefore expects a transition as a function of the strange quark mass m s , from a diquark condensate for large m s to an (almost) SU (3) 6. We suggest that the transition to nuclear matter is characterized by a spontaneous breaking of the global isospin symmetry due to a dineutron condensate. In this event an exactly massless Goldstone boson a 0 exists in nuclear matter, corresponding to the spontaneous breaking of the global I 3 -symmetry. (The latter is an exact symmetry even in presence of nonvanishing quark masses and electromagnetism.) In case of spontaneous isospin breaking, nuclear matter is a superfluid. In addition, two new light scalars a ± correspond to the breaking of the generators I ± . The mass of these pseudo-Goldstone bosons vanishes in the chiral limit of equal up and down quark masses and absence of electromagnetism. This behavior is similar to the well-known pions. Spontaneous isospin breaking may occur also for the high density "quark matter" phase of QCD 2 .
Before starting with a more detailed description of the different possible states of QCD 2 in the main part of this paper, we present a brief summary in table 1. Here the different possible condensates are denoted by their SU(3) c -representation with the SU(2)-flavor representation as a subscript. The naming and details are explained in the main text. condensate superfluidity electric charge massless gluons 
Here the color indices i, j run from 1 to 3 and the flavor indices a, b = 1, 2 denote the up and down quark. We consider vacuum expectation values of ϕ andχ that lead to color-flavor locking where a diagonal SU(2) I -subgroup of local SU (2) (2) shows the existence of three singlets which can acquire a vacuum expectation value.
We will use a bosonized language where the quark-antiquark bilinears are replaced by scalar fieldsφ
The most general isospin conserving expectation values are
whereσ,ξ 1 andξ 2 correspond to the three singlets in eq. (2) . Here τ k are the Pauli matrices and λ z the Gell-Mann matrices, with a sum k = 1...3. We note the presence of two color breaking directionsξ 1 ,ξ 2 .
The physical electric charge Q is composed of the quark chargeQ(Q = −2/3 for up,Q = 1/3 for down) and the color generator Q c
It is easy to check that the quark and gluons have integer electric charge. We can also relate the physical electric charge to isospin (I 3 ) and interpret the color λ 8 -generator in terms of standard baryon number B and strangeness S
Here we use a normalization where the baryon number 3 of the fermion fields is B = +1 and the "hyperons" Σ and Λ carry S = −1. With respect to SU(2) I , S, Q and B the six quarks carry the quantum numbers of the baryons (p, n, Λ, Σ) (see table 2). We note that two-flavor QCD has two independent exact global symmetries in presence of nonvanishing quark masses and absence of electromagnetism. These are B ′ = B + S and Q. In presence of electromagnetic interactions the generator Q will ge gauged. Table 2 : Charges of the up and down quarks
The surprising fact that baryons with strangeness S = −1 (i.e. Λ, Σ) are described by up and down quarks arises from the fact that the strangeness of the baryons has a color component according to (5) . Actually, for the symmetry-breaking pattern that we describe here the isospin symmetry corresponds to a subgroup of the physical SU(3) symmetry discussed for the three-flavor case in [1] . As compared to the three flavor case it is sufficient to leave out the states corresponding to the strange quark. Those correspond to the baryons Ξ and a baryon singlet S (see table 4 
below).
The gluons carry the quantum numbers of the ρ, K * and ω mesons. Again, they describe also states with strangeness. Their quantum numbers are displayed in table 3.Q As a consequence of the Higgs mechanism seven out of the eight gluons acquire a mass. This can be inferred by inserting the vacuum expectation values (3) in the covariant derivative for ξ,
where M ρ denotes the mass of the ρ-triplet, M K * the one of the two isospin doublets K * ,K * and M ω concerns the isospin singlet ω. In addition to global isospin symmetry the expectation valuesξ 1 ,ξ 2 leave a local U(1) 8 -subgroup of color unbroken which corresponds to the generator λ 8 . This is the reason for the massless ω-meson. In the language of hadrons we may associate the corresponding charge with a linear combination of strangeness S and baryon number B,
The unbroken local abelian symmetry is a direct consequence of the group structure and conserved isospin. All possible vacuum expectation values of quark-antiquark operators preserve the local U(1) 8 symmetry, which is a remnant of the color symmetry. Independent of the detailed dynamics one therefore expects for a state were only octets condense a massless gauge boson similar to the photon, but with a strong gauge coupling. It is conceivable that this symmetry is realized in the Coulomb phase. If true, the existence of a massless spin one state could be checked by a numerical simulation of QCD 2 . We note thatξ 1 leaves the additional U(1) 8 -symmetry unbroken and therefore does not contribute to M ω , whereas an unbroken gauged SU(2) c × U(1) c symmetry forξ 1 = 0,ξ 2 = 0 forbids a contribution ofξ 2 to M ρ and M ω . All masses are proportional to the strong gauge coupling g, with proportionality factor associated to the wave function renormalizationẐ.
The expectation valuesσ,ξ 1 andξ 2 spontaneously break the chiral SU(2) L × SU(2) R symmetry, resulting in three (almost) massless pions. (There are no pseudo-Goldstone bosons transforming as kaons in the two flavor picture.) Chiral symmetry breaking also gives a mass to the fermions which we associate with the baryon masses. We write the relevant Yukawa-type interaction in the form
The corresponding contribution to the masses of the nucleons and hyperons
If electromagnetic interactions are added to QCD, a linear combination
B of the previously global symmetries becomes gauged. As a consequence, color symmetry breaking by the octet condensate ξ leaves now two gauge bosons massless, corresponding to the two directions I 3F + 1 6 B − I 3c and λ 8,c . A linear combination of them is the photon.
The appearance of the massless gluon of the unbroken U(1) 8 -symmetry is special for the quark-antiquark condensates in QCD 2 . This phenomenon does not happen for three light flavors. For N f = 2 is is connected to conserved strangeness and the fact that strangeness has only a contribution from the color generator λ 8 and baryon number. In contrast, for N f = 3 the strangeness quantum number also receives a contribution form a flavor generator and "strangeness locking" permits the breaking of the local U(1) 8 -symmetry. As long as we only consider quark-antiquark condensates, there is no way in two-flavor QCD of conserving isospin in the vacuum and giving mass to the U(1) 8 -gluon. For N f = 2 we still have, however, the possibility of condensation of diquarks or pure gluonic operators consistent with the physical isospin symmetry (see below). Again, this is different from three flavors. For N f = 3 color-flavor locking implies that the physical SU (3)representation for the gluon degrees of freedom coincides with the SU(3)-representation. All gluonic SU(3)-singlets must also be color SU(3) c -singlets. Singlet operators of the type F µν ij F ji,µν do not affect the symmetry-breaking pattern. We conclude that despite many similarities between QCD 2 and QCD 3 the details of spontaneous color symmetry breaking depend critically on the number of light quarks.
We finally demonstrate the connection between integer electric charge and a massless ω-meson for QCD 2 without diquark condensates by a simple group-theoretical argument. The color generator λ 8 can be represented as a combination of isospin, baryon number and electric charge
Quark-antiquark as well as gluonic operators conserve baryon number. This implies that all gluonic operators which conserve isospin and break the U(1) 8 -symmetry necessarily violate electric charge. Indeed, the 10-dimensional SU(3) c -representation (contained in the antisymmetric product of two octets) has a SU(2)-singlet which is charged with respect to U(1) 8 (see sect. 4). An expectation value of this singlet would give a mass to the U(1) 8 -gluon. In presence of the electromagnetic gauge interaction, however, such a vacuum would result in a modified charge seen by the photon, given by
(This corresponds to eq. (4) without the piece from λ 8 .) In consequence, the physical fermions would carry electric charges (1/6, 7/6, 2/3, −5/6, 1/6, −1/3) (cf. table 2). Our scenario for QCD 2 leads to three interesting alternatives: if isospin and B are conserved in the vacuum and all condensates are scalars, either diquark condensation occurs or there is a massless gluon or the electric charges of the baryons are unusual. These alternatives can be tested by lattice simulations. The perhaps favored alternative is the spontaneous breaking of baryon number in the vacuum by a diquark condensate, which we will discuss next.
Diquark condensates
We next turn to possible diquark condensates. They are expected to play a role at high baryon density. In contrast to QCD 3 they can also be relevant for the vacuum in QCD 2 [7] . The simultaneous octet and diquark condensation corresponds to the entry (B) in table 1, whereas a pure diquark condensation corresponds to (C). Scalar diquarks are in the antisymmetric product of two quark fields. With respect to SU(3) c × SU(2) F they transform as (3, 1) + (6, 3) . We first consider the antitriplet
with β, γ spinor indices and c βγ the antisymmetric charge conjugation matrix. The corresponding scalar fields δ L,R ∼δ L,R transform as a3 under color and a singlet under flavor. Being flavor singlets, the expectation values of δ L,R cannot contribute to the breaking of the global SU(2) F -flavor symmetry or the chiral symmetry SU(2) L ×SU(2) R . Unlike the case for three flavors, they cannot induce color flavor locking for two flavor QCD. Nevertheless, they can contribute to the breaking of color. In presence of octet condensatesξ 1 ,ξ 2 the expectation value of δ L,R presumably favors the isospin-conserving direction 4 . There is one isospin singlet for both δ L and δ R and parity is conserved for
In addition to the global SU(2) F symmetry this expectation value preserves a local SU(2) c subgroup of color. Thereforeδ = 0 contributes to the mass of the K * -and ω-vector mesons, but not to the ρ-mesons. From the covariant 4 We note the possibility of an isospin violating alignment of the expectation values of δ L,R which breaks color completely. The orthogonal expectation values
ω reversed as compared to the realistic QCD vacuum. For this alignment the standard parity transformation δ L ↔ δ R is spontaneously broken and one has to investigate if another parity like discrete symmetry survives. kinetic term
one finds
The expectation value (13) induces a spontaneous breaking of baryon number. It also breaks the local U(1) 8 -symmetry which is preserved byξ 1 andξ 2 . In consequence the ω-meson related to the λ 8 -generator of SU (3) c becomes massive in a situation whereξ 1 = 0,ξ 2 = 0,δ = 0. In this setting all gluons have acquired a mass. This is easily seen by adding the contributions (7) and (15) . A diquark condensate in the vacuum of QCD 2 is possible since it preserves a new color-flavor-locked baryon number
with B q = B/3 the quark baryon number. In terms of the hadronic quantum numbers B and S this reads
In consequence, switching on the expectation valueδ preserves the total number of conserved global abelian symmetries. It shifts the global charge from B to B + S and breaks the local U(1) 8 symmetry. We conclude that the formation of aδ condensate does not lead to a massless Goldstone boson and to superfluidity. Regions in the QCD-phase diagram withδ = 0 and δ = 0 can be analytically connected. The formation of aδ-condensate looks similar to the phase transition in the abelian Higgs model or to the onset of superconductivity by the formation of Cooper pairs. Only the photon is replaced by the ω-meson. If, in addition, one gauges the electromagnetic U(1) symmetry, the true photon remains massless since the δ-condensate carries zero electric charge. Only one of the two massless gauge bosons for δ = 0 gets a mass forδ = 0. The diquark contribution to the baryon masses follows from the Yukawa coupling
This yields a Majorana-type mass term for the hyperons Σ and Λ
We next turn to the possible condensation of the color sextet diquark. The sextet diquark is symmetric in both color and flavor indices
The associated scalar field β (L,R) ij,ab carries again two units of baryon number B = 2 and transforms under SU(2) I as 1 + 2 + 3 + 3 + 4 + 5. It therefore contains one singlet
The contribution of β to the mass of the gauge bosons reads (with wave function renormalization Z β )
All local symmetries are spontaneously broken and all gauge bosons are massive. As for the case of the δ-condensate, the β-condensate leaves the global symmetry associated to B + S unbroken. Again, a β-condensate does not lead to a massless Goldstone boson and to superfluidity. Actually, the fields δ andβ (13), (21) carry the same abelian quantum numbers and are both isospin singlets. As before, a gauged electromagnetic symmetry remains preserved by a β-condensate. In presence of an octet condensate the antitriplet and sextet can mix. More precisely a color octet and antitriplet diquark condensate induce a sextet diquark condensate by a linear term in the effective potential for the sextet. This term is generated by a cubic interaction between χ, δ and β. Similarly, < χ > = 0 and < β > = 0 induce < δ > = 0. In summary, gluon-meson duality for two-flavor QCD differs in two important aspects from the three-flavor case. First, the vacuum either admits diquark condensation or one finds a massless gauge boson in the vacuum (in addition to the photon). This holds if electric charges are integer and isospin is conserved. Second, there is no massless Goldstone boson in presence of diquark condensates. Therefore no superfluidity occurs in the high density phase if isospin is conserved.
Gluonic condensates
We conclude the discussion of isospin conserving states in QCD 2 by a brief listing of possible color-breaking gluon condensates. As long as they conserve SU(2) I and B + S, they are necessarily induced in presence of color breaking quark-antiquark and diquark condensates. The simplest SU(2) I -singlet operator is found in the octet
With respect to SU(2) I it decomposes as 8 → 1 + 2 + 2 + 3, with a possible singlet expectation value
This remains neutral with respect to U(1) 8 and therefore cannot break this local symmetry. Nevertheless, it gives a contribution to M K * , i.e. it contributes M
The other nontrivial candidate in the (symmetric) product of two-field strength tensors is the 27-dimensional representation
It contains one SU(2)-singlet which is again invariant with respect to U(1) 8 and contributes to the gluon masses similar to (25). The lowest dimension SU(3) c representation which contains a SU(2) c singlet with nonzero U(1) 8 -charge and which has triality zero is the complex 10. It is contained in the antisymmetric product of two octets. A scalar formed from glue in the 10 +10 respresentation is
with a ijkl = −a klij , a ijjl = a ljkl = 0. An expectation value of the SU(2)-singlets in a ijkl would break U(1) 8 and give a mass to the corresponding gauge boson. A condensate of such a higher order gluonic operator would also break B + S. Only SU(2) I and baryon number remain as unbroken global symmetries of the vacuum if such operators acquire an expectation value. After a coupling to electromagnetism the baryons would get the noninteger charges corresponding to see table 2 ). In presence of such a B+S-violating condensate the occurrence of a diquark condensate in the high density phase would break the only global symmetry, i.e. baryon number. (B + S is not "available" for a residual global symmetry any more). The resulting Goldstone boson would lead to superfluidity. For completeness we have listed the characteristics of a-condensates in table 1 (entries F, G). We will not consider them any further since fractional electric charges in the vacuum seem not very attractive.
Transition between QCD 3 and QCD 2
The vacuum of QCD with three light flavors of quarks exhibits the vectorlike SU(3)-symmetry of the "eightfold way", if the quark masses are all equal. No diquarks can condense since this would break either baryon number or the SU(3) symmetry. The only nontrivial condensate is a color octet quarkantiquark pair [1] . The ground state of realistic QCD presumably ressembles three-flavor QCD and does not exhibit a diquark condensate either. This follows from the fact that the global symmetries corresponding to baryon number and strangeness are realized in a standard way. Both B and S are conserved quantum numbers, in contrast to the case of diquark condensation.
For a small mass difference between the strange quark and the two light quarks we expect a splitting of the masses of particles within a given SU(3)-multiplet according to their isospin representation. The color singlet and octetqq-condensates involving strange quarks add to eq. (3) 
The additional condensatesσ s ,ξ 3 ,ξ 4 involve the third flavor index 6 and will be denoted as "strange components" of the color singlet and octet. Combining the "strange" and "nonstrange" octet contributions to the vector meson masses one obtains
In the SU(3)-symmetric limitξ 1 =ξ 2 =ξ 3 =ξ 4 the masses in the vector meson octet are all degenerate [1] . We observe that forξ 1 =ξ 3 the masses of the ρ-mesons and ω-meson remain equal. For m s = m u,d one expects that also colored gluon condensates of the type (24) 
ρ . It is, of course, possible to move gradually from three-flavor QCD to twoflavor QCD by increasing the mass of the strange quark. In this process the various SU(2) I -singlets acquire different expectation values. For a small deviation from SU(3) this leads to a mass splitting in the SU(3)-multiplets according to strangeness. In the limit m s → ∞ the condensates involving strange quarks vanish. In this limit the ω-meson would become massless in a vacuum without a diquark condensate. In this case it is conceivable (but not necessary) that a phase transition occurs as a function of m s where the local U(1) 8 -symmetry gets restored for large enough m s .
In the perhaps more interesting alternative the vacuum is characterized by a diquark condensate (13) in the two-flavor limit m s → ∞. In this event two scenarios imply a phase transition between QCD 3 and QCD 2 as a function of m s . Either the diquark condensation sets in in competition to the "strange" octet components. At the transition the conserved quantum numbers jump from B and S to the new charges B ′ and S ′ . Or their could be an intermediate phase with both diquarks and all components of the qq-octet condensing. This intermediate phase would be signalled by superfluidity connected to the Goldstone boson arising from a reduction of the total number of global symmetries.
In order to investigate this transition from the point of view of QCD 2 we may first add a heavy strange quark to QCD 2 . This will not affect the low energy dynamics and the condensates of QCD 2 . It introduces, however, a new global symmetry with conserved quantum number S ′ for the heavy quarks, i.e. S ′ = −1 for all strange quarks and S ′ = 0 for up and down quarks. The quantum numbers of the s-quark states in the hadronic language can be found in table 4, which supplements table 2. We first discuss the case where the vacuum of QCD 2 exhibits a nonvanishing diquark condensate. In presence of this diquark condensate the conserved quantum numbers for large m s are Q, B ′ and S ′ . For small m s , the vacuum must switch, however, to a state which conserves Q, B and S, similar to QCD 3 . As we have mentioned, such a state is not compatible with a diquark condensate. The phase transition as a function of m s corresponds therefore to the disappearance of the diquark condensate and to an associated change in quantum numbers of states in the low energy spectrum. It is supposed to happen for some critical value m s,c . This change in the quantum numbers concerns all "strange baryons", i.e. not only the ones corresponding to strange quarks (table 4), but also four of the "light quark states" listed in table 2. It is noteworthy that the proton and neutron or the ρ-mesons are not affected by this switch in quantum numbers.
The switch in quantum numbers from B ′ and S ′ to B and S may either proceed directly or via an intermediate superfluid or Coulomb-like phase. The reason is the mismatch in quantum numbers for the diquark condensate and the "strange" component of the octetqq-condensate. A transition where the diquark condensate is replaced by the strangeness components of the octet condensate at the critical strange quark mass leads to a jump in the conserved charges. If the ω-meson is massless for m s,c or even for a whole interval of the strange quark mass, no discontinuity is necessary. In the intermediate Coulomb phase the U(1) 8 local gauge supersymmetry associated to the ω-meson allows one to rotate freely between (B, S) and (B ′ , S ′ ). Both pairs of quantum numbers are conserved. The limits of large and small m s outside this "Coulomb"-region correspond to different lockings of the λ 8 generator, whereas in the Coulomb phase it is unlocked. If the change from the diquark condensate to the condensation of the strange components of the octet proceeds without an intermediate massless ω-meson, it is most likely a discontinuous first-order phase transition. Finally, if there is an intermediate range of m s where both the diquark condensate and the strange component of the octet condensate are nonzero, there simultaneous presence leads to the breaking of one of the two global symmetries. This corresponds to an intermediate superfluid phase.
The second alternative without diquark condensation in the vacuum of QCD 2 starts at high m s with a Coulomb-like phase with massless ω-meson and both (B ′ , S ′ ) and (B, S) simultaneously conserved. The transition at m s,c is then characterized by the onset of a nonvanishing vacuum expectation value of the strange components of the octet. This gives a mass to the ω-meson and the transition shows similarities to the transition in a superconductor.
All versions of the transition show a remarkable behavior of the fate of the strange baryons as m s increases from zero to large values. Only the Ξ-baryons and the singlet S 0 become very heavy and decouple from the effective low energy theory, similar to the baryons involving the heavy quarks c, b and t [1] . This decoupling does not take place for the baryons Σ and Λ 0 and for the K * -vector mesons. These particles remain in the spectrum of light particles even in the limit m s → ∞. If diquark condensation sets in for large m s , their properties become unusual since they cannot be build any more from a finite number of quarks in the nonrelativistic quark model [7] .
6 High-density phase transition in QCD 2
The possible phase transitions between the vacuum and the high density state of QCD 2 depend on the condensates in the vacuum and the high density phase. We summarize in table 5 the possibilities for the case of an isospinconserving high density phase with octetqq-and diquark condensate. The global symmetries of the high-density state of QCD 2 and the vacuum are the same. In this event a continuous transition becomes possible. We distinguish the two alternatives without and with a diquark condensate in the vacuum ((A) and (B) in table 1). For the latter case there is no obvious reason for a phase transition. On the other hand, if the transition to the high density phase is characterized by the onset of diquark condensation one may expect a transition similar to the abelian Higgs model. This could be a firstorder transition, but a second-order transition or a continuous crossover are also conceivable [11] . For a weak enough transition one expects the same universality class as for type II superconductors. One may argue, however, that these scenarios are too simple. It seems likely that effective attractive interactions between the nucleons lead to an instability of the isospin concerving states discussed so far. This instability is related to the pairing of nucleons. There is no contribution to a Majorana like mass term for the proton and neutron from the diquark condensatesδ (cf. eq. (19) orβ.) In fact, s-wave and spin 0 nucleon pairs belong to an isospin triplet. This follows from the Pauli-principle since the color part of the corresponding diquark operator is symmetric (proton and neutron are both quarks of the third color, see table 2) and the spin part is antisymmetric. The dinucleon operator must therefore be symmetric in flavor, and this corresponds to an isospin triplet. Since the isospin singlet diquarksδ andβ cannot stabilize an instability in the nucleon pair channel, it seems likely that the condensation of nucleon pairs or diquarks of the third color produces the stabilizing gap.
We suggest that isospin is spontaneously broken in the high density phase of QCD 2 as well as in nuclear matter. A candidate is a condensation of a diquark
In the language of baryons this corresponds to a dineutron condensate. Such a condensate has interesting consequences. First, the spontaneous breaking of isospin produces three massless Goldstone bosons. In contrast to the pions they are scalars with quantum numbers of the a-mesons. In presence of a nonvanishing mass difference for the (current) mass of the up and down quark (or in presence of electromagnetism) the global isospin symmetry is explicitly broken. As a consequence, the two charged a ± mesons become pseudo-Goldstone bosons and acquire a small mass, similar to the pions. In contrast, the third component of isospin I 3 remains an exact symmetry even in presence of quark masses and electromagnetism. Its spontaneous breaking by the dineutron condensate (30) necessarily leads to an exactly massless Goldstone boson and therefore to superfluidity. Second, also the baryon number B ′ is not conserved by the dineutron condensate. The only unbroken generator is I 0 + 1 2
B
′ and corresponds to conserved electric charge Q. The simultaneous presence of three light pseudoscalars π and three light scalars a is a characteristic signal for our scenario with spontaneous breaking of the chiral and vector-like global SU(2)-symmetries at high density.
Protons and neutrons are presumably the lightest fermionic states in the vacuum of QCD 2 . As the chemical potential for the conserved baryon number increases beyond a critical value the onset of the dineutron condensate triggers a true phase transition. The order parameter is related to the spontaneous breaking of the global symmetry with generator I 3 . This is the "gas-liquid" transition to nuclear matter. If this phase transition is of second order, it belongs to a universality class characterized by the breaking of SU (2) table 5 or if the transition from nuclear to quark matter is continous.
In the following we summarize the main features of the high density phase transition for the case where spontaneous isospin symmetry breaking is absent or can be treated as a small correction.
(i) At high density complete color flavor locking is possible such that all gluons acquire a mass [8] . It can be realized by the same combination of two condensates as in the vacuum. If isospin is preserved there is no Goldstone boson and the high density phase is not a superfluid. Chiral symmetry remains spontaneously broken at high density. Without spontaneous isospin breaking the transition between the vacuum and the high density state of QCD 2 would not involve any change in the realization of symmetries if diquarks condense already in the vacuum. This leaves the possibilities of an analytic crossover or a first-order phase transition.
(ii) In an alternative scenario for the QCD vacuum the diquark condensate could vanish. In this case not all gluons can acquire a mass. There remains always an unbroken abelian U(1) c gauge symmetry which is part of SU (3) c . Its gauge boson carries the quantum numbers of the ω-meson and remains massless. If, in the second scenario, the transition to QCD at high baryon density corresponds to condensation of a diquark which preserves isospin, one infers that the U(1) c -gauge symmetry gets spontaneously broken in the transition to the high density phase. The ω-meson acquires a mass. If isospin is conserved, the general characteristics of the high density phase transition for the second scenario ressembles the transition for the abelian Higgs model [11] . This may lead to a first-order phase transition. It is also conceivable that no discontinuity occurs and the vacuum is analytically connected to the high density state. The number of global abelian symmetries is the same with and without isospin singlet diquark condensates. Therefore no Goldstone boson is generated by an isospin-conserving diquark condensation in a transition to the high density phase.
Pure QCD
Finally, we turn to pure QCD without quarks. A description in the Higgs picture with spontaneous breaking of color may still be possible. Of course, it is not related to color-flavor locking any more, since there are no flavor symmetries. We present here a first attempt which demonstrates that suitable condensates can give a mass to all gluons. The resulting spectrum for the glueballs is, however, not very satisfactory. Our example should therefore not be interpreted as a proposal for the ground state of pure QCD but rather as an exploration in which directions one might go. For our first trial we follow the same philosophy as for the fermion bilinears and introduce scalar fields f ij and s ijkl for the color nonsinglets contained in F µν F µν (cf. eqs. (23), (26)). We assume that the effective action for these scalar fields
has a potential U with minimum for nonzero expectation values of f and s (see [12] for a similar treatment of the color singlet). We want to demonstrate here that for suitable expectation values all gluons become massive and can be associated with vector glueballs. We first consider the color octet f ij = (f † ) ij , f ii = 0. By appropriate SU(3)-transformations its vacuum expectation can be brought to the generic form
Such an expectation value cannot give mass to all gluons -the A 3 -and A 8 -vector mesons remain massless. Fort = 0 isospin symmetry is not conserved and the vector meson masses split according to
Giving a mass to all gluons therefore needs one more nonvanishing expectation value and we consider here a particular direction in the 27-dimensional
This adds a mass term to the gluons corresponding to the symmetric GellMann matrices
Combining (35) with (33) all gluons have acquired a mass. We also observe the split between M 2 1 and M 2 2 etc. We would like to associate the massive gluons with vector glueballs. Together with the scalar glueballs described by f, s and a corresponding color singlet they would be expected to dominate the low energy spectrum of pure QCD if the vacuum can be characterized by eqs. (32) and (34). (Spin 2 glueballs can be described by introducing additional fields for operators like F ρ µ F ρν .) In order to differentiate between the discrete transformation properties of the glueballs we need the action of the partity transformation and charge conjugation
where P is accompanied by a coordinate reflection. The "symmetric gluons" A 1 , A 3 , A 4 , A 6 , A 8 transform as 1 −− vector glueballs, whereas the "antisymmetric gluons" A 2 , A 5 , A 7 correspond to 1 −+ vector glueballs. For the scalars we exploit
This shows that the expectation values (32), (34) indeed conserve P and C. The scalar glueballs consist of 0 ++ and 0 +− states. The detailed mass spectrum of the vector and scalar glueballs depends on the properties of the effective potential U(f, s) and may involve expectation values beyond those considered in (32), (34). The effective action (31) with condensates (32) and (34) nevertheless predicts a selection rule, namely the absence of 1 ++ , 1 +− , 0 −+ and 0 −− states among the lightest glueball states. This has to be confronted with the results of lattice simulations [13] which find the lightest glueball states (with increasing mass) as 0 ++ , 0 −+ , 2 ++ , 1 +− . The lack of agreement shows that our first attempt has not been successful. Since the failure is linked to the action of the discrete symmetries P and C and the rotation group on the gauge fields A µ , it concerns all other possible condensates which preserve these symmetries as well. An interesting way out of this dilemma may combine rotations with gauge symmetries or similar for the discrete symmetries, corresponding to a type of "color-Lorentz" or "color-spin" locking [14] . We emphasize that the role of the gluons in realistic QCD 3 with three light quark flavors is quite different from pure QCD. In realistic QCD the gluons are associated with the (ρ, K * , ω)-mesons and do not correspond to glueball states as in pure QCD. Glueballs play an important role in the low energy spectrum of pure QCD whereas for QCD 3 they may only appear as some higher excited states. The origin of this different role of the gluons are the different patterns in the spontaneous breaking of the color symmetry.
Conclusions
We have presented possible descriptions of the vacuum of two-flavor QCD 2 in terms ofqq and qq-condensates. Isospin and baryon number are conserved and electric charges are integer. The quarks can be associated with baryons and the gluons with vector mesons. Most strikingly, one finds excitations with the quantum numbers of strange mesons (K * ) and strange baryons (Σ, Λ) in the spectrum of QCD 2 .
The gluons acquire a mass by the Higgs mechanism. We find that an isospin singlet vector meson (ω) remains massless in absence of a diquark condensate. This contrasts with three-flavor QCD 3 . However, QCD 2 admits also a diquark condensate in the vacuum which can give a mass to the ω-meson [7] . Despite the spontaneous breaking of the "standard" baryon number B by the diquark condensate, there remains a new conserved baryon number B ′ . The "hyperon-like states" Σ and Λ are neutral with respect to B ′ . In addition, nontrivial gluon condensates are possible in QCD 2 . All these features differ from QCD 3 , and we speculate about a phase transition from QCD 3 to QCD 2 as the strange quark mass increases beyond a critical value. Two-flavor QCD 2 cannot be tested directly by experimental observation. On the other hand, QCD 2 can be simulated in lattice calculations, and this may provide important tests for our picture. The possible tests concern both the properties of the vacuum and, perhaps at a later stage, the transition to the high density state. The most striking signal would be a phase transition in the vacuum properties as a function of the strange quark mass. The characteristics of the high density transition in QCD 2 depend crucially on the vacuum properties.
We also have made a first attempt to understand the vacuum properties of pure QCD (without light quarks) in terms of colored gluonic condensates. The partial failure of scalar condensates to reproduce an acceptable glueball spectrum suggests that a type of color-spin locking [14] may offer an interesting alternative. In this scenario a residual rotation symmetry is composed of ordinary rotations accompanied by gauge transformations. It seems not completely excluded that such a color-spin locking condensate could also occur in QCD 2 and perhaps give a mass to the ω-meson even in absence of a diquark condensate. For all the various alternatives investigated in this note we have found interesting qualitative changes in the transition from QCD 3 to QCD 2 . We urge lattice simulations to verify or falsify these features.
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